The binding of paramagnetic rare earth ions to yeast tRNAPhe shifts some resonances in the lowfield nuclear magnetic resonance spectrum that have been assigned to ring nitrogen protons of specific Watson-Crick base pairs. The changes in the nuclear magnetic resonance spectrum as the tRNA is titrated with Eu3+ indicate that 4 (or 5) Eu3+ ions are tightly bound, that the metal binding is in the fast exchange limit, and that the binding to different sites in the molecule is sequential rather than cooperative. The first metal bound simultaneously shifts resonances associated with the dihydrouridine and the -C-C-A stem. This permits us to conclude that the folding of the tRNAPhe in solution brings the phosphate backbone of the -C-C-A and the dihydrouridine stems into close proximity. A model of the three-dimensional structure of tRNAPhe incorporating this new information appears to be compatible with the results obtained from x-ray diffraction.
The determination of the structure of tRNA molecules in solution is an important problem because of the key role that these molecules play in the translation of messenger RNA and in the control of cell metabolism (1) . Several years ago we showed that high resolution nuclear magnetic resonance (NMR) could be used to determine the base-pairing structure of tRNA molecules in solution, and in a series of studies demonstrated that the cloverleaf model is the correct description of at least six different tRNA molecules (2) (3) (4) (5) . For yeast tRNAPhe (Rordorf and Kearns, unpublished results), yeast tRNA3Leu, and Escherichia coli tRNAGlU (6) , we further demonstrated that the -C-C-A and the -T-1-C stems are stacked in the form of a single continuous helix; however, we were unable to obtain information about the folding of the other arms of the cloverleaf structure. For determination of how these other arms are folded, additional information is required. In this paper we show how paramagnetic rare earth ions can be used in conjunction with high resolution NMR to probe the tertiary structure of tRNA molecules in solution. During this study we also obtain information on stoichiometry of the metal binding, the nature of the binding sites, and the order of metal addition to these sites. The binding data provide constraints on the relative orientation of the -C-C-A stem and the dihydrouridine stem, and these new results, taken in conjunction with our earlier results, serve to establish much of the three-dimensional structure of this molecule in solution.
MATERIALS AND METHODS
Yeast tRNAPhe was isolated from soluble RNA of brewer's yeast by chromatography (7, 8) on benzolated DEAEcellulose. It was assayed for phenylalanine acceptance and found to be 98% pure (3) . Measured amounts of the lanthanide metal chlorides, dissolved in doubly distilled water, were added directly to specially constructed Wilmad NMR micro cells containing the sample of tRNAPhe (25 mg/ml of tRNAPhe in 0.1 M NaCl and 10 mM cacodylate buffer at pH 6.0).
NMR spectra were obtained with a Varian HR-300 spectrometer operating in the field sweep mode; a Nicolet 1020A computer was used for signal averaging. The spectra were signal averaged for up to 3 hr, during which time the temperature was controlled to i 1°. The NMR spectrum of tRNAPhe obtained before the addition of Eu3+ ion is shown in Fig. 1 Fig. 2 .
DISCUSSION
Resonances in the lowfield [11-15 ppm relative to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS)] region of the NMR spectrum of tRNAPhe ( Fig. 1 ) are due to slowly exchanging ring nitrogen protons of bases involved in Watson-Crick base pairs (9) . The assignment of these resonances to specific base pairs in the cloverleaf structure has been discussed earlier (3) , and these results are shown in Table 1 . The only additional comment that needs to be made at this point is that in order to fit the spectra with the ring current shift theory it was necessary to assume that the -C-C-A stem and the -T-w-C stem are stacked in a colinear fashion (3) . If these two arms are not stacked, then the resonance from GC49 would have appeared about 1.0 ppm to lower field (about 13.5 ppm) in a region where all the intensity can be accounted for in terms of resonances associated with other base pairs. Stacking of these two arms has also been observed in yeast tRNA3LeU and E. coli tRNAGlU, so it may well be a common structural feature of tRNA molecules (6).
When Eu3+ is added to tRNAPhe, many reaonances in the lowfield spectrum are progressively shifted (Fig. 2) . Since the addition of di-and trivalent ions could change the tertiary structure of a tRNA molecule, it was possible that some of the shifts produced by the addition of Eu3+ were not due to a paramagnetic effect, but rather to a structural change (10, 11) . This possibility is ruled out by the observation that the addi- tion of Pr'+, instead of Eua+, produced shifts of the resonances in the opposite direction (12) (13) (14) .
One of the first peaks to be affected by the addition of the EuI+ is peak A, which on successive additions of EuI+ is broadened and shifted upfield until it merges with peak B, C (at 2 Eu/tRNA). The fact that this resonance shifts gradually with the addition of the Eu3+ indicates that the rate of exchange of the Eu3+ among the strong binding sites is fast on the NMR time scale (r < 15 msec in these particular experiments). If the exchange rates had been slow, then peak A would have split into two peaks and the fully shifted one would have grown in intensity at the expense of the unshifted one as more Eu3+ was added (15) .
The spectra shown in Fig. 2 binding site adjacent to U6 and C11, is shown in Fig. 3 . In this particular model, the dihydrouridine and -T-Q-C-loops are brought into close proximity, and this fits well with oligomer binding data (17) and enzymatic digestions studies (18) , which indicate that the -T-V,-C-loop is quite protected by the folding of the molecule. The other three possible orientations of the dihydrouridine stem relative to the -C-C-A-T-t-C-stem leave the -T-V-C-loop unprotected or bring the anticodon loop and the -T-t-C-loop into very close proximity and can, therefore, be rejected (19) . The Eu3+ binding studies described here are of interest in relation to other biochemical and structural studies that have been carried out. First of all, Kayne and Cohn (20) (16) . Finally, and perhaps more importantly, we note that rare earth ions are currently being used to obtain isomorphous derivatives in tRNA crystal structure work (21, 22 Fig. 3 ) has many of the same features found by Kim et al. in their study of tRNA crystals (21-, 22) . Whether all details of the solution and crystal structure will turn out to be the same remains to be seen. It is evident from the NMR studies reported here that rare earth probes offer a new way of examining the structure of tRNA molecules in solution. These NMR spectra can provide information about additional Eu3+ binding sites, but it is difficult at this time to decide which one of several possible resonances is actually shifted in those peaks which are multiple. Alternative procedures for making these assignments are currently being investigated, and while it may not be possible to use this technique to determine the detailed three-dimensional folding of any individual tRNA molecule, we certainly should be able to find out whether or not certain structural features are common to a number of different tRNAs. The application of these techniques to the investigation of the structure of 5S RNA and other polynucleotides would also be interesting. 
